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ABSTRACT
We investigated the physical properties of the comet-like objects 107P/(4015) Wilson–Harrington (4015WH) and
P/2006 HR30 (Siding Spring; HR30) by applying a simple thermophysical model (TPM) to the near-infrared spec-
troscopy and broadband observation data obtained by AKARI satellite of JAXA when they showed no detectable
comet-like activity. We selected these two targets since the tendency of thermal inertia to decrease with the size of an
asteroid, which has been demonstrated in recent studies, has not been confirmed for comet-like objects. It was found
that 4015WH, which was originally discovered as a comet but has not shown comet-like activity since its discovery, has
effective size D = 3.74–4.39 km and geometric albedo pV ≈ 0.040–0.055 with thermal inertia Γ = 100–250 J m−2 K−1
s−1/2. The corresponding grain size is estimated to 1–3 mm. We also found that HR30, which was observed as a bare
cometary nucleus at the time of our observation, have D = 23.9–27.1 km and pV =0.035–0.045 with Γ = 250–1,000
J m−2 K−1 s−1/2. We conjecture the pole latitude −20◦ . βs . +60◦. The results for both targets are consistent
with previous studies. Based on the results, we propose that comet-like objects are not clearly distinguishable from
asteroidal counterpart on the D–Γ plane.
Keywords: comets: individual (P/2006 HR30 (Siding Spring)); minor planets, asteroids: individual
(107P/(4015) Wilson–Harrington)
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21. INTRODUCTION
Any material with non-zero absolute temperature
emits black body radiation, and its irradiation is de-
scribed by Plank’s law in monochromatic intensity units
(W/m2/µm/sr; Planck 1914):
Bλ(λ, T ) =
2hc2
λ5
1
ehc/λkT − 1 . (1)
The notations for the physical constants and variables
used in this paper are summarized in Table 1. The
black body radiation flux dominates the reflected sun-
light component at longer wavelength region, which is
called the thermal region (generally λ & 3 − 4 µm for
inner Solar System bodies).
Including the estimation of the size and Bond albedo
of asteroid (4) Vesta (Allen 1970), researchers started
investigating the thermal flux in the mid 20th century.
The pioneering model is referred to as the standard ther-
mal model (STM; Morrison & Lebofsky 1979; Lebofsky
et al. 1986; Lebofsky & Spencer 1989). This STM suc-
ceeded in determining the size and albedo sets of many
main-belt asteroids, and have been widely used, espe-
cially when dealing with large datasets from infrared
surveys, such as IRAS (Tedesco et al. 2002), and AKARI
(Usui et al. 2011). An updated version of STM, called
the near-Earth asteroids thermal model (NEATM; Har-
ris 1998), has been used for later surveys, e.g., WISE
(Mainzer et al. 2011). However, both STM and NEATM
assume instantaneous thermal equilibrium with insola-
tion, i.e., zero thermal inertia, so night-emission is com-
pletely ignored. Even its variants can only deal with
non-rotating, fast-rotating, or infinitely high thermal in-
ertia cases.
Thermal inertia (Γ)1 is a quantity that measures the
thermal conduction efficiency, which is defined as
Γ ≡ √κρcs . (2)
Although some studies, such as Dickel (1979), modeled
thermal emissions for some finite Γ values, Spencer et al.
(1989) provided one of the first successes in developing
a useful yet simple thermal model formalism for using
Γ as a free parameter. Now, any variant of this kind is
called a thermophysical model (TPM).
The parameter Γ can be determined from applying
TPM, and it is a key parameter not only to model
the dynamic evolution of small bodies in the long term
but to obtain clues about the physical properties of
1 Γ has the SI unit J m−2 K−1 s−1/2. We will call this “SI”
for shorthand. Depending on the authors, “MKS” or “tiu” (first
proposed by Putzig 2006) are occasionally used as alternates.
its surface. From a dynamic viewpoint, Γ controls
the Yarkovsky and Yarkovsky–O’Keefe–Radzievskii–
Paddack (YORP) effects, which change the orbital ele-
ments and the pole orientation in the long term, respec-
tively (Vokrouhlicky et al. 2015). It also provides hints
about the boulder size on the surface (Gundlach & Blum
2013; Delbo et al. 2015 and references therein) and the
regolith formation of small asteroids (Delbo et al. 2014).
This information also has tremendous implications for
planning space missions.
Since Γ is a monotonically increasing function of ther-
mal conductivity, a lower Γ value may indicate ineffec-
tive thermal conduction from the solar-heated top layer
to deeper regions, so the environment is favorable for ice
to survive for a longer time. As a consequence, it has
long been suggested that cometary bodies should have
very low Γ compared to that of asteroidal bodies, and
the preliminary results from the Deep Impact mission
appeared to strongly support this idea: A’Hearn et al.
(2005) suggested the Γ of comet 9P/Tempel 1 nucleus to
be less than 100 SI, while similar-sized asteroidal coun-
terparts generally have Γ’s greater than 100 SI (Delbo
et al. 2015). Theoretical studies also showed that the
survival rate of water ice depends critically on the av-
erage temperature of a small body. The temperature is
a strong function of Γ value, as well as orbit, grain size
and porosity, and spin orientation (Schorghofer 2008).
Later, however, detailed thermal modeling on the
comet 9P/Tempel 1 was performed by Davidsson et al.
(2013), and the best-fitting Γ was found to be as high
as 250 SI, depending on the region, although Groussin
et al. (2013) calculated it to be less than 45 SI. Groussin
et al. (2013) also calculated the Γ of comet 103P/Hartley
2 nucleus to be . 250 SI based on EPOXI mission ob-
servations, which still leaves the possibility of a higher
Γ (hundreds of SI) for comet nuclei.
It is thus of great importance to have observational
data of the bare nucleus of cometary bodies, as well
as asteroids, to investigate the possible difference in Γ
value between these populations. Except for mission
targets, however, there is no available open spectro-
scopic observation data of comets. This is mainly be-
cause it is extremely difficult to observe comets to ob-
tain useful data for thermal modeling since cometary
activity can easily veil the nucleus itself. Few such pre-
cious observations were made successfully by AKARI
satellite: the comet P/2006 HR30 (Siding Spring) and
the comet-like asteroid 107P/(4015) Wilson–Harrington
(HR30 and 4015WH hereafter) were observed without
visible comet-like activity. Although HR30 showed clear
cometary activity near its apparition in 2006 (Hicks &
Bauer 2007), we confirmed that it was inactive at the
3time of the AKARI observations in January of 2007
based on visual inspection and comparison with the stel-
lar point spread function (See Section 2).
4015WH exhibited one-time cometary activity but
never again (Ferna´ndez et al. 1997; Ishiguro et al. 2011).
It has a low probability of Jupiter-family comet’s origin
(i.e. ∼ 4 %, Bottke et al. 2002). A detailed investiga-
tion using Spitzer Space Telescope has also been con-
ducted applying NEATM (Licandro et al. 2009). They
derived D = 3.46 ± 0.32 km, pV = 0.059 ± 0.011, and
η = 1.39 ± 0.26). The corresponding lower limit for Γ
was given as 60 SI. Since 4015WH is one of the small
bodies in the near-Earth region that are accessible by
existing spacecrafts, it has been considered as a sample
return mission target (Kawaguchi 2002; Barucci et al.
2009; Yoshikawa et al. 2008). Obtaining reliable knowl-
edge on near-Earth objects is also directly related to
human beings. We must know the physical properties,
including the size, surface material strength, and com-
position of objects, especially for those that approach
close to Earth, for the realization of future planetary
defense technology, such as asteroid deflection or dis-
ruption (Wie 2013; Kaplinger et al. 2013).
Meanwhile, the target HR30 is a comet that did not
show any visible cometary activity during spectroscopic
observations, which is a very rare opportunity to study
physics of a cometary nucleus. Moreover, it is one of the
largest known potentially-dormant comets (Kim et al.
2014).
In Section 2, we describe the AKARI observation data
and reduction process. Then we describe the model and
its implementation in Section 3. The results using TPM
are summarized in Section 4, and the corresponding dis-
cussions are given in Section 5.
For brevity, we summarize the notations for the con-
stants and variables in Table 1.
2. OBSERVATIONS AND DATA REDUCTION
The Japanese infrared satellite AKARI (Murakami
et al. 2007) was launched on 2006 February 21 UT, and
its liquid helium cryogen boiled off on 2007 August 26
UT, 550 days after the launch (this cryogenic phase is
called Phase 1, and 2). In the post-helium phase (Phase
3), the telescope and its scientific instruments were kept
around 40 K by the mechanical cooler and only near-IR
observations were carried out until 2010 February.
This study is based on the spectroscopic data obtained
by the Infrared Camera (IRC; Onaka et al. 2007) on
board AKARI during both the cryogenic phase (Phase
2; for HR30) and the post-helium phase (Phase 3; for
4015WH). Our targets were observed mainly as part of
the AKARI Mission Program “Origin and Evolution of
Table 1. Symbols used in this paper.
Symbol Description Value and Unit
c Speed of light 2.998× 108 m/s
h Planck’s constant 6.626× 10−34 J s
k Boltzmann constant 1.381× 10−23 J/K
L Solar luminosity 3.828× 1026 W
V Visual magnitude of the Sun −26.762 (mag)
σSB Stefan–Boltzmann constant 5.670× 10−8 W m−2 K−4
AB Bond albedo -
Bλ Black body monochromatic intensity W m
−3 sr−1
C Constant in Eq 9 km
C1 Constant in Eq 8 -
C2 Constant in Eq 8 -
cs Specific heat J kg
−1 K−1
D Effective diameter km
F filtν In-band flux density Jy or W m
−2 Hz−1
Fν Flux density Jy or W m
−2 Hz−1
F obsν Observed flux density Jy or W m
−2 Hz−1
Fmodelν Model flux density Jy or W m
−2 Hz−1
f Filter transmission function -
G Phase function slope parameter -
HV Absolute magnitude in V-band (mag)
ls Diurnal thermal skin depth m
N Total number of data points -
n Number of free parameters -
P Rotational period hour
pV Geometric albedo in V-band -
pR Geometric albedo in R-band -
q Phase integral -
rh Heliocentric distance au or m
S Rotational pole vector (λs, βs) (
◦)
T Temperature K
T0 Hypothetical subsolar temperature K
t Time s
z Depth (0 is surface) m
α Phase angle (◦)
βs Ecliptic latitude of pole vector (
◦)
Γ Thermal inertia SI ≡ J m−2 K−1 s−1/2a
∆ Geocentric distance au or m
∆λ Wavelength interval µm
∆ν Frequency interval Hz
ran Random error of observation Jy or W m
−2 Hz−1
sys Systematic error of observation Jy or W m
−2 Hz−1
εh Hemispherical emissivity (0.900) -
Θ Thermal parameter -
κ Thermal conductivity W m−1 K−1
λ Wavelength µm
λs Ecliptic longitude of pole vector (
◦)
ρ Mass density kg m−3
χ2red Reduced chi-square statistic -
ω Rotational angular velocity (rad) s−1
aSee footnote 1.
Note—Variables with hiphen(-) in third column are dimensionless. The units are
basically given in SI format unless special units are dominantly used in this
work. The units given in parentheses are dimensionless but are preferred to be
explicitly written.
4Solar System Objects” (SOSOS). The observation log is
summarized in Table 2.
The IRC has a spectroscopic capability in both the
grism mode and the prism mode with the AKARI As-
tronomical Observation Template (AOT) IRC04 (Phase
2) or IRCZ4 (Phase 3) (Onaka et al. 2007, 2010; Ohyama
et al. 2007). The grism mode and the prism mode can
cover the wavelength range from 2.5 to 5 µm with the
spectral resolution of R ∼ 100, and from 1.7 to 5.4 µm
with R ∼ 20–40, respectively. Within a single AOT op-
eration lasting about 10 minutes, 8 or 9 spectroscopic
images with either the grism or the prism, as well as a
direct image (called a reference image) through a broad-
band filter centered at 3.1 µm, are taken. The effective
exposure time for each frame is 44.41 sec. The tar-
gets were put on the 1 arcminute × 1 arcminute aper-
ture mask (the “Np” window; see Fig.3 in Onaka et al.
2007) to minimize the contamination from nearby ob-
jects (e.g., Ootsubo et al. 2012). In this paper, we con-
centrate on the data taken using the grism mode. Three
observations (ID of 1521116-001 for 4015WH, 1500820-
001 and 1500821-001 for HR30) are used in total for the
analyses below.
The raw data were basically reduced with the IDL-
based software package, the IRC Spectroscopy Toolkit
for the Phase 3 data, version 20150331 (Ohyama et al.
2007; also see the IRC Data User Manual2). The stan-
dard array image processing, such as dark subtraction,
linearity correction, flat-field correction, and various im-
age anomaly corrections, were first performed with the
toolkit. Then the two-dimensional spectral images of
the objects were extracted with the toolkit.
Since AKARI did not have a tracking mode for moving
objects, the resultant two-dimensional spectrum with
the toolkit was blurred because of the motion of the ob-
ject. The movements of the objects during the observa-
tions of the frames were calculated, and individual data
frames were shift-and-added (Ootsubo et al. 2012). Us-
ing the combination of the shift-and-add with the move-
ment of the object and the 3-sigma clipping methods,
the effects of bad or hot pixels can be reduced, although
the number of bad or hot pixels in Phase 3 was increased
compared with Phase 2.
Finally, one-dimensional spectrum was extracted from
the two-dimensional image by summing signals within
7 pixels (about 10.5 arcsecond) in the spatial direction
from the source’s central position. The background flux
was estimated from the adjacent region of the target and
subtracted.
2 http://www.ir.isas.jaxa.jp/AKARI/Observation/support/IRC/
It is reported that the sensitivity decreased about 10 %
at maximum in Phase 3 compared with that in Phase 2,
which depends on the IRC detector temperature (Onaka
et al. 2010). This can be corrected by using a formula
with the detector temperature (Baba et al., in prep). For
the observation ID of 1521116-001, the detector temper-
ature was recorded as 45.128 K and the correction factor
is given as 0.954238, while this absolute calibration was
not carried out in this work. Note that in the Phase 2
observations (ID of 1500820-001 and 1500821-001), the
temperature was kept 10.45 K and the observed fluxes
are no need to be corrected. The systematic error is,
however, small compared to the uncertainties in size
of the targets (see Section 4), so we ignored the error
throughout this work.
In the spectroscopic analyses, the flux and the wave-
length accuracy strongly depend on the determination
accuracy of the wavelength zero point, which was done
on the reference image. Its accuracy is estimated to be
at worst 1 pixel in our analysis. Thus the flux and the
wavelength uncertainties were estimated by calculating
how much the spectrum changes when the wavelength
zero point shifted by ± 1 pixel (Shimonishi et al. 2013).
We thoroughly have confirmed that the comet HR30
showed no visible cometary activity near the spectro-
scopic observations, by investigating the survey mode
data (See Fig 6. of Usui et al. 2011). From visual in-
spection, we could not detect any systematic elongation
of HR30 with respect to the antisolar direction or the
velocity vector; HR30 was elongated into random direc-
tions. Furthermore, the point spread functions of HR30
did not differ from those of bright stars in images from
2006-11-23, 2007-01-13, and 2007-03-29 (all UT).
3. METHODOLOGY
3.1. The Thermophysical Model
In this subsection, we describe the physical assump-
tions of our TPM and then introduced some relations
between the model parameters that we implemented in
the code.
3.1.1. Assumptions
A simple TPM generally has the following assump-
tions:
• non-tumbler with constant rotational period,
• spherical shape,
• one-dimensional heat conduction,
5Table 2. Observational Circumstance.
Target ID Observed Time (UT) Observation Mode rh (au) ∆ (au) α Comment
4015WH 1521116-001 2009-11-18 13:57:26 IRCZ4, b; Np (grism) 1.05882 0.379283 69.0◦ MP-SOSOS
1500821-001 2007-01-14 18:34:48 IRC04, b; Np (grism) 1.23927 0.756455 52.5◦ MP-SOSOS
1500820-001 2007-01-15 17:44:50 IRC04, b; Np (grism) 1.24132 0.754795 52.4◦ MP-SOSOS
HR30 2007-01-14 08:54:10 Survey Mode (S9W) 1.23846 0.757145 52.5◦ 9.511± 0.529 Jy
2007-01-14 15:31:17 Survey Mode (S9W) 1.23902 0.756631 52.5◦ 8.288± 0.461 Jy
2007-01-13 08:04:38 Survey Mode (L18W) 1.23650 0.759207 52.7◦ 12.567± 0.838 Jy
2007-01-13 09:45:56 Survey Mode (L18W) 1.23663 0.759063 52.6◦ 12.145± 0.810 Jy
Note—For survey mode data, the observed flux densities and their 1-σ uncertainties are given in Jy unit.
• constant thermophysical properties (κ, ρ, and cs,
and hence Γ ) over the time, space, and tempera-
ture range of interest3,
• temperature remains constant deeper than certain
region,
• the standard H, G magnitude system (Section
3.1.3)
• constant thermal hemispherical emissivity (εh =
0.9), i.e., ignore emissivity dependence on direc-
tion and wavelength, so constant Bond albedo,
• rotational period much shorter than orbital period
(seasonal effect is ignored),
• and the effective diameter determined in the V-
band.
We further assume zero surface roughness. Neither
chemical energy, such as sublimation or latent heat, nor
external energy, such as cosmic rays or impacts, are
considered throughout this study. Also the surface is
assumed to be optically thick enough that neither the
influx of solar energy from the top nor (thermal) radia-
tion from the bottom can penetrate to the deeper region,
and the thermal emissivity does not have to be low as
it is in radio observations.
3.1.2. Thermal Conduction Modeling
Under these assumptions, the 1-dimensional heat con-
duction equation for the temperature T = T (z, t) is
given as
ρcs
∂T
∂t
= κ
∂2T
∂z2
(3)
3 The temperature dependency of Γ may have certain effect of
roughly Γ ∝ r−3/4h (Mueller et al. 2010). The uncertainty from
this effect is smaller than the uncertainty from the model fitting
at least for our targets.
with two boundary conditions. The first is
∂T
∂z
∣∣∣∣
zls
= 0 , (4)
where ls is the thermal skin depth (see Eq 6). For
the second boundary condition, a balance between “ab-
sorbed solar energy plus conduction from beneath” and
“emitted thermal radiation” is used for the surface (z =
0).The practical implementation of z  ls is discussed
in Subsection 3.3.
The equilibrium gray body (with hemispherical emis-
sivity εh) temperature at constant rh is (Harris 1998):
T0 =
4
√
(1−AB)
εhσSB
L
4pir2h
. (5)
T0 is not necessarily the same as the real subsolar tem-
perature if the object is rotating and has non-zero Γ, so
we avoid using TSS , which might be misleading but is
nevertheless widely used.
If the seasonal effect is negligible, the thermal skin
depth is only affected by diurnal motion and can be
defined as (e.g., Spencer et al. 1989):
ls =
√
κ
ρcsω
. (6)
Usually ls is on the scale of 10
−3 to 10−1 meters, which is
much smaller than the computational resolution of the
TPM in the horizontal direction (see Subsection 3.3).
The vertical (depth) resolution is usually on the order
of 0.1ls; thus we are justified in using the 1-D equa-
tion (Eq 3) rather than solving the more complicated
3-dimensional heat conduction equation.
Under the aforementioned assumptions, the thermal
emission profile is dependent on a dimensionless param-
6eter, called the thermal parameter (Spencer et al. 1989):
Θ ≡ Γ
√
ω
εhσSBT 30
, (7)
for a given spin orientation.
3.1.3. Parameter Relations
To model an asteroid in thermal equilibrium, it is in-
evitable to use the bolometric Bond albedo, which is not
generally obtained by observation. It is, however, possi-
ble to approximate it using the so-called standard H, G
magnitude system (Bowell et al. 1989). In this system,
the phase function of a general asteroid is empirically de-
termined, and the Bond albedo for a Lambertian sphere
with phase correction is written as
AB = AB(G, pV ) = q(G)pV = (C1 + C2G)pV , (8)
Although Bowell et al. (1989) derived (C1, C2) =
(0.290, 0.684), Myhrvold (2016) found that the best
fitting function had (C1, C2) = (0.286, 0.656). We
confirmed the latter result and used it throughout this
study. The G and pV values are relatively easier to
obtain than the Bond albedo, so Eq 8 is a useful tool
for modeling asteroid thermal emission.
Once we assume a spherical model asteroid, we need a
representative diameter, namely, the effective diameter.
The effective diameter is defined as the diameter of a
Lambertian sphere with a geometric albedo that emits
the same amount of total flux (or absolute magnitude)
at the given wavelength range as the observed asteroid,
at perfect opposition. Then, HV and pV are related to
the effective diameter as (detailed derivation is given in
Pravec & Harris 2007):
D = D(pV , HV ) =
C√
pV
10−HV /5 , (9)
where C = (2au)× 10V/5. This relation reduces one of
the free parameters, either the effective diameter (in the
V-band, rigorously speaking) or pV . Following Fowler
& Chillemi (1992), we used C = 1329 km.
These relations simplify the model because the ther-
mal parameter (Eq 7) can be parameterized as
Θ = Θ(Γ, ω, T0) = Θ(Γ, ω,G,D, rh) . (10)
The parameter G has a negligible effect (see next sec-
tion), rh is known a priori from the ephemeris, and
ω have already been obtained from previous studies
(Urakawa et al. 2011; Harada 2009). Thus, we consid-
ered Γ and D as free parameters.
Table 3. Known parameters
Quantities 4015WH HR30
G 0.07± 0.03a -
HV 15.90± 0.10a 12.09± 0.013d
P [hours] 7.15b 73.2e, f
S(λs, βs) (330
◦,−27◦)b -
pR 0.055± 0.012a -
pV 0.059± 0.011c -
D [km] 3.63± 0.56a 22d
3.46± 0.32c
Γ [SI] > 60c -
aIshiguro et al. (2011). Using the standard H,
G magnitude system (Bowell et al. 1989).
bUrakawa et al. (2011). The non-tumbling so-
lution.
cLicandro et al. (2009). Using NEATM (Harris
1998).
dHicks & Bauer (2007). Assumed G = 0.0 and
pR = pV = 0.05.
eHarada (2009).
fGalad (2008) obtained 68, 70.7, or 73 h as pos-
sible rotational periods. We adopted 73.2 h
from Harada (2009), as it coincides well with
this published data.
3.2. Model Parameters
Some of the parameters are known from previous
studies, and the known values are listed in Table 3.
For HR30, we accepted a nominal absolute magnitude,
HR = 11.99 ± 0.01, which can be converted to HV =
12.09 ± 0.013, obtained from Hicks & Bauer (2007),
as the true value. Their HR was obtained from the
photometric magnitude of the nucleus in the R-band
(R = 15.69± 0.01) at α ∼ 17◦ by assuming G = 0.0 and
pR = 0.05.
The resulting temperature distributions are very ro-
bust against changes in G, so we can safely fix this value.
To be more rigorous, the fractional change in T0 can be
obtained by differentiating Eq 5 by AB and substituting
Eq 8:
δT0
T0
≈ C2GpV
4(1−AB)
δG
G
= 8.4× 10−3 δG
G
. (11)
The second equality is calculated using nominal values,
pV = 0.05 and G = 0.15. Various values of G affect the
resultant flux density by a few percent (0.0 ≤ G ≤ 0.15).
7Table 4. Fixed and searched parameter space.
Quantities 4015WH HR30
G 0.07 0.15
HV 15.90 12.09
P [hours] 7.15 73.2
S = (λs, βs) (330
◦,−27 ◦) all directions
D [km] 3.3–6.2 19–29
pV 0.02–0.07 0.02–0.06
Γ [SI] 1–3000 1–3000
Note—Values in italic are fixed parameters.
See the text for detailed searching grid.
Even when G was increased up to 0.5, the flux density
differed by only . 5% compared to that of G = 0.0
case. This is even smaller than the systematic error of
the AKARI observation; therefore, we fixed G as 0.07
and 0.15 for 4015WH and HR30, respectively.
Two observation epochs for HR30 were made at very
similar times using grism (Table 2). We confirmed that
the difference in model calculations using two different
ephemerides was not significant (flux density fractional
difference . 3% at all wavelengths), so we regarded
those two datasets as a single epoch, viz., 2007-01-14
18:34:48 (UT). Finally, the rotational period, P , was
also fixed since it only appears in Eq 7 to determine Θ.
If the P value is updated to P ′, we can simply multiply√
P ′/P by our found Γ value. Since the pole orientation
is known for 4015WH (Table 3), we fixed this value, but
it was set as a free parameter for HR30.
In summary, we fixed G = 0.07, HV = 15.90, P = 7.15
h, and S = (330◦,−27◦) for 4015WH, and G = 0.15,
HV = 12.09, and P = 73.2 h for HR30. Then we
are left with two parameters for 4015WH (D, Γ), and
two more (spin orientation) for HR30. The effective
diameter D is derived by using Eq 9 with pV rang-
ing from 0.02 to 0.07 with 0.005 interval, while Γ =
{1, 10, 100, 250, 500, 750, 1000, 2000, 3000} SI is
used. For HR30, D is derived by varying pV form 0.02
to 0.06 with 0.005 interval. We further considered the
spin orientation of HR30 in the ranges of the longitude
λs ∈ [0◦, 360◦] and the latitude βs ∈ [−90◦,+90◦] with
15◦ and 10◦ intervals, respectively. The fixed parameter
values and the searched parameter space domains are
summarized in Table 4.
3.3. Code Implementation
We applied a strategy similar to that of Mueller (2007)
to solve Eq 3. We set the goal accuracy (the fractional
temperature difference on the surface after one full ro-
tation) to 10−5 after minimum iteration 50, and the res-
olutions of the model of 1◦ in longitude, 4◦ in latitude,
and 0.25 ls in depth. For the depth, the deepest depth
is set to be 8.0ls. Increasing this depth to 10.0ls affected
the final equilibrium temperature only . 0.1%. The flux
density, as well as the temperatures for each longitude,
latitude, and depth slab, are saved.
Once we obtained the flux density for each wavelength,
we calculated the reduced chi-square statistic for each
model with respect to the corresponding observational
data, which is defined as
χ2red ≡
1
N − n
N∑
i=1
(F obsν (λi)− Fmodelν (λi))2
2ran
, (12)
where N and n are the number of observations and free
parameters, so N − n is the total degrees of freedom.
Generally the systematic error is not included in the de-
nominator since it is not a Gaussian noise. The dummy
variable i indicates the wavelength bin. Only the data
with 3.5 µm ≤ λ ≤ 4.8 µm are used for this calculation
since the reflected sunlight component dominates ther-
mal radiation at shorter wavelengths. At longer wave-
lengths, there is a calibration error in the measured flux
density (Baba et al. 2016) and not yet corrected in this
data reduction, so we set the upper limit by visual in-
spection.
Our approach slightly differs from some most recent
TPMs, e.g., in Mueller (2007) and Mu¨ller et al. (2017),
in a sense that the so-called scale factor is not multi-
plied to Fmodelν of Eq 12. Instead of finding the best fit
scale factor, we employed brute-force parameter space
searching. Thus, we re-calculated the temperature map
on the asteroidal surface for each parameter pair, and
compared the model flux with the observed data. This
is computationally expensive but useful when there are
small number of free parameters as in our case.
Following Hanusˇ et al. (2015), we adopt the crite-
rion of χ2red < χ
2
red,min +
√
2
N−n to estimate the con-
fidence interval of the free parameters (e.g., Chapter 15
of Press et al. 2007 and Hanusˇ et al. 2015). We also
checked whether the minimum reduced chi-square statis-
tic, χ2red,min, is close to 1.
We used the survey mode data for HR30 (See Fig 6.
of Usui et al. 2011) as criteria to reject models that do
not give appropriate in-band flux4. The corresponding
4 Another possibility is to introduce the maximum compatible
estimators for weighting function (Kaasalainen 2011).
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Figure 1. The spectral energy distribution plot of the best
fit model in solid lines with label. The AKARI observations
are overplotted with random noise (ran) as the error bars.
Vertical thick dotted lines indicate the 3.5 and 4.8 µm wave-
lengths, which are the boundaries of the wavelengths we used
for the chi-square minimization.
in-band flux is obtained in flux density units (e.g., Jy)
using the following formula:
F filtν =
∑
i F
model
ν (λi)f(νi)∆νi∑
i f(νi)∆νi
. (13)
The in-band model flux can be calculated by substitut-
ing f(νi)∆νi = cf(λi)∆λi/λ
2
i . It is used only to reject
models and is not used in calculating χ2red.
4. RESULTS
The best-fit model parameters for the two targets are
described here for each target.
4.1. 4015WH
The smallest χ2red appeared at D = 4.4 km and
Γ = 250 SI with χ2red = 1.157. The model is plotted
together with AKARI observational data (Fig 1). We
also plotted the log10 χ
2
red contour map in Fig 2. We
obtained D = 3.74–4.39 km and pV = 0.04–0.055 with
Γ = 100–250 SI for the confidence interval. Note that
the systematic deviation of AKARI data from the model
at shorter wavelength in Fig 1 is because of the reflected
sunlight component.
4.2. HR30
For HR30, we compared more than 40,000 models in
the 4-dimensional parameter space spanned by the pole
orientation, as well as D (pV ) and Γ. We accepted mod-
els which (1) meet the χ2red criterion of Subsection 3.3
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Figure 2. The plot of log10(χ
2
red) for 4015WH in the param-
eter space. The gray region is where χ2red > 100. The star
marker shows the location where the minimum χ2red occurred
(D = 4.4 km, Γ = 250 SI), and the tiny solid line contour
is the confidence interval (see Subsection 3.3). Dotted con-
tours, which represent χ2red = 2.0, are also shown to guide
the eyes.
and (2) had the in-band flux (F filtν ; Eq 13) within the
3-σ range of S9W and L18W data.
After applying the criteria, we were left with only 23
models (for comparison, χ2red < 2 left 201 models). The
two minimum χ2red models are: pole (330
◦, 10◦) with
D = 27 km, pV = 0.035 and Γ = 250 SI (χ
2
red = 1.181)
and (225◦, 30◦) with the same D, pV , Γ, and χ2red values.
These two good-fitting models of HR30 are compared
with the observation data in Fig 3, and the in-band flux
data are compared in Fig 4. For comparison, we plotted
one of the rejected models (labeled as “rejected”). It
had low χ2red for grism data but failed in reproducing the
survey mode data. In Fig 3, the observed fluxes deviate
from the model much more than 4015WH at shorter
wavelength. This is due to the stronger reflected light
component from HR30.
Fig 5 shows the pole orientations of the acceptable
models for HR30. The spin latitude of HR30 is likely to
be near the ecliptic plane (βs ∼ 0), although some ex-
treme cases, such as βs ∼ 60◦, are not rejected. Taking
the solid angle effect into account, i.e., weight with solid
angle to each model, the fraction of models is more con-
centrated to βs ∼ 0. The longitude is uncertain, yet it is
probabilistically more likely to be found at λs ∼ 45◦ or
λs ∼ 135◦. The geometric albedo, and thus the size, is
strongly concentrated at pV ∼ 0.04 (D ∼ 25 km). None
of the models other than 23.9 km ≤ D ≤ 27.1 km could
be accepted. The Γ values for HR30 are distributed from
250 to 1,000 SI with quite uniform frequency.
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Figure 3. Three good-fitting models are plotted with the
AKARI observation data. The labels follow “(λs, βs), D
(km), Γ (SI)” notation. The first model is rejected by the
broadband criteria (see text and Fig 4). Vertical thick dot-
ted lines indicate the 3.5 and 4.8 µm wavelengths, which are
the boundary wavelengths we used for the chi-square min-
imization. The models are almost indistinguishable in the
figure.
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Figure 4. The survey mode observations and model calcula-
tions are shown with the same legends as 3. Thin solid lines
with text show the profiles of the S9W and L18W filters in
logarithmic scale for comparison with FWHMs. The survey
mode data (see Table 2) are plotted as filled circles centered
at the central wavelengths with vertical 3-σ error bars of each
observation. The markers show the in-band fluxes from each
model of the same color. The blue dashed model is rejected
because it is out of range of the S9W data.
If we apply the same strategy to obtain χ2red from
the UT 2007-01-15 data, however, none of the accepted
models reproduce the in-band fluxes of the survey mode
within the 3-sigma range. We discuss about this in Sub-
section 5.2.
4.3. Size and Thermal Inertia
We plotted the derived thermal inertias of 4015WH
and HR30 with respect to the diameter (Fig 6). For
comparison, we imported theD–Γ data from Delbo et al.
(2015), excluding Jupiter Trojans, Centaurs, and TNOs
from the original list. In addition to the asteroids,
some of the comets that have been visited via space-
crafts and modeled in detail are also shown. They are
9P/Tempel 1 (D ∼ 6 km and Γ . 45 SI or 50–200 SI;
Γ from Groussin et al. 2013 and Davidsson et al. 2013,
respectively), 103P/Hartley 2 (D ∼ 2 km and Γ . 250
SI; Γ from Groussin et al. 2013), and 67P/Churyumov–
Gerasimenko (D ∼ 4 km and Γ . 50 SI; Γ from Gulkis
et al. 2015 and Shi et al. 2016). The diameter uncertain-
ties of these space mission targets are not considered.
To see the membership of our targets and the vis-
ited comets from asteroidal distribution, we did linear
regression to asteroids. Then the 1-, 2-, and 3-σ predic-
tion intervals (i.e., significance level of 0.6827, 0.9545,
and 0.9973, respectively) are calculated and shown as
blue shaded regions. The red shaded region shows the
1-σ confidence interval of fitting line. Although HR30 is
slightly out of 2-σ prediction interval, so do few aster-
oids. All the small bodies reasonably lie within the 3-σ
prediction interval. Now it is clear that the two of our
targets are not outside of the asteroidal trend. There-
fore, we conjecture that comet-like objects may show
similar, i.e., indistinguishable, trend compared to usual
asteroids, on the D–Γ plane.
5. DISCUSSION
Our TPM succeeded in deriving the sizes, albedos,
and thermal inertias for two objects. In addition, we
estimated the pole orientation of HR30. In this section,
we discuss limitations of our model, possible sources of
uncertainty in the results, and the implications of the
results.
5.1. Shape and Roughness
The limited amount of observational data limited the
number of free parameters. These parameters, or the
limitations, include the shape and surface roughness.
The importance of the shape and roughness were care-
fully studied by Hanusˇ et al. (2015) and Davidsson et al.
(2015), respectively. In this subsection, we justify the
use of the smooth spherical model, i.e., excluding the
shape and surface roughness effects.
Even if the target has an irregular/elongated shape
and has varying roughness, the effective diameter (or
the volume equivalent diameter) and thus the geometric
albedo remain relatively constant. An example is given
in Table 4 of Hanusˇ et al. (2015): Different diameter
values were derived for each target by varying the shape
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Figure 5. Top left: Plot showing the models for HR30 that accurately reproduced the observations. A marker is shown if at
least one of the (D,Γ) pairs had χ2red < 2 (blue circles) or χ
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2
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the number of models that meet the criteria. Only those that met the survey mode observation criteria are used. Top right and
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Two types of bars represent χ2red < 2 (blue dashed) and χ
2
red < 1.204 (red dotted). Bottom right: Histogram showing the
fraction of models with respect to the geometric albedo. The bars are the same as in the aforementioned histograms.
models and roughness parameters, and all the obtained
values were consistent within 1-sigma uncertainty in all
cases, unless the uncertainty is not given.
In the case of (25143) Itokawa, Mu¨ller et al. (2014)
carefully compared a spherical TPM with light curve
inversion and an in situ shape model, and they found
three models produce consistent results. They found
that a priori knowledge of the spin vector and rotational
period can affect the reliability of TPM results, although
a spherical model may give consistent results with more
advanced techniques. For 4015WH, we already know
the rotational period and pole orientation with certainty
from previous studies (Table 3). The parameters (D,
pV , and Γ) we derived are indeed consistent with the
previous studies and the corresponding taxonomic type
(see Subsection 5.3).
Furthermore, at large phase angles, as in our observa-
tion (α > 50◦; see Table 2), the effect of roughness might
weaken especially at wavelengths where flux does not
peak (Figure 7 of Mu¨ller et al. (2014)). This strength-
ens the argument that simple TPM is sufficient to obtain
the physical parameters using near infrared.
Another cause of uncertainty in the diameter is the
change in cross-section due to the irregular shape. From
Urakawa et al. (2011), 4015WH has an elongated shape,
i.e., 1.5:1.5:1.0 triaxial shape (non-tumbler, long axis
mode, βs = −27◦; βs slightly differ in tumbler model).
Considering the near-zero orbital inclination of 4015WH
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(∼ 2.8◦), we can calculate the cross-section difference to
be ∼ ±10–15 %, which is directly proportional to the
thermal flux.
5.2. Sources of Uncertainties
In this subsection, we discuss the other sources of
uncertainty. These are regarded as more fundamental
sources of uncertainty because these sources arise from
the ground base of the thermal model assumptions or
from observational uncertainty.
The absolute magnitude may marginally affect the ac-
curacy of the parameters obtained from TPM (see, e.g.,
section 2.8 of Delbo 2004 or section 6 of Mu¨ller et al.
2005). The absolute magnitude of HR30 was derived
using G = 0.0 and pR = 0.05 by Hicks & Bauer (2007);
thus, the uncertainty they provided (0.01 magnitude)
should be regarded as a lower limit of the actual uncer-
tainty. For 4015WH, uncertainty of HV is 0.1 (Table 3),
and it may increase if we consider the credibility of the
standard H, G system.
The rotational period of HR30 is also uncertain: 68
and 70.7 hours have also been proposed, as well as
73.2 hours (Galad 2008). As mentioned in Section 3,
a change in the rotational period will adjust the Γ value
corresponding to the thermal parameter by a factor of√
P ′/P (0.964 and 0.983, respectively). Therefore, our
estimation of the Γ value might be approximately 5 %
higher than the value obtained using a different rota-
tional period. This is not a large uncertainty considering
the previously published datasets (e.g., Fig 9 of Delbo
et al. (2015) or Fig 6).
HR30 possesses another interesting feature: None
of the good-fitting models could reproduce the survey
mode observations if we use the 2007-01-15 spectro-
scopic data. One possible scenario is that HR30 has
irregular features in a certain region, and we observed
different facets on 2007-01-15 (spectroscopy) and 2007-
01-13 and 14 (survey mode). Considering the rotational
period of HR30, which is nearly 3 days, this possibility
is not rejected until more observations are made.
In our model, we neglected the seasonal effect. This
may not be a good assumption, especially for objects
with large rotational period. HR30 is such a case;
the observations were made approximately 10 days (∼
3Prot) after the perihelion (2007-01-02 06:50 UT), with
true anomaly f ≈ 10◦. The true anomaly change rate
was f˙ ≈ 1◦/day, and the heliocentric distance change
rate was r˙h ≈ 0.002 AU/day (rh ≈ 1.2 AU) when
the observations were made. Therefore, the fractional
change is about r˙h/rh ≈ 0.5 % per rotation. Consider-
ing Prot ≈ 3 days, the basic assumption of TPM, i.e.,
thermal equilibrium, may not had been reached. As the
HR30 observations were made after the perihelion, the
real Γ may be smaller than our fitted values because
the thermal lag makes the night side appear hotter than
thermal equilibrium (Davidsson et al. 2009). Davids-
son et al. (2009) argued that Tempel 1 was observed
before the perihelion, and the seasonal effect was neg-
ligible since the model gave a higher temperature than
the steady state. The slow change in its heliocentric
distance also strengthens their argument: r˙h/rh ≈ 0.01
% per rotation in early July 2005 when the Deep Im-
pact observation was made, which is about 50 times
smaller than that of HR30. Moreover, the rotational
period of Tempel 1 is 40 hours, so the thermal equi-
librium is reached ∼ 2 times faster than that of HR30.
Thus, it is not trivial to neglect seasonal effect for HR30.
The assumption of constant hemispherical emissivity
over the thermal wavelengths (εh = 0.9) is also an issue
since the model flux density is directly proportional to
it. Another plausible assumption is εh,Kir = 1 − AB ,
based on Kirchhoff’s law. For the slope parameter, G ∈
[0.0, 0.5] and the geometric albedo pV ∈ [0.03, 0.07], we
obtain εh,Kir ≈ 1−AB ∼ 0.95− 0.99 using Eq 8, which
is ∼ 5 − 10 % larger than the model value (εh = 0.9).
This can be regarded as an error source for diameter
determination.
5.3. Physical Properties and Implications
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As described in previous sections and can be seen in
Fig 2 and 5, low χ2red values are distributed throughout a
certain domain in the parameter space, so it is difficult
to pinpoint a single set of best-fit parameters. In the
following paragraphs, we stress the importance of this
work despite the limited dataset and model.
Firstly, the effective diameter, and thus the pV , is con-
fined to very narrow ranges for both targets, despite
the limited number of observational datasets. Mu¨ller
et al. (2014) also showed that these parameters are
well constrained, even when using a spherical model.
For 4015WH, D = 3.7–4.4 km (pV = 0.04–0.055) and
Γ = 100–250 SI, with the minimum reduced chi-square
statistic at D = 4.4 km with Γ = 250 SI.
From a taxonomic perspective, 4015WH is classified
as a CF-type asteroid (Tholen 1989) or as a B-type as-
teroid following the Bus–DeMeo classification (DeMeo
et al. 2015). DeMeo & Carry (2013) found that 833 B-
type asteroids have an average pV = 0.071± 0.033 (Ta-
ble 4 of their paper), which is consistent with our result
(pV = 0.04–0.055). Additionally, the size and albedo de-
rived from our TPM is consistent with those of Spitzer
Space Telescope infrared and ground based photomet-
ric observations: pV = 0.059 ± 0.011, D = 3.46 ± 0.32
km from Licandro et al. (2009) and pR = 0.055± 0.012,
D = 3.63 ± 0.56 km from Ishiguro et al. (2011). The
thermal inertia we obtained (Γ = 100–250 SI) is also
consistent with the lower bound (60 SI) set by Licandro
et al. (2009). These facts indicate that the model as-
sumptions in Section 3 produce reliable results to some
extent. We further decreased the uncertainty of both
diameter and albedo compared to previous works.
Although the physical quantities of HR30 are not
known, it is impressive that the derived pV value is
strongly constrained to values consistent with those of
typical cometary nuclei (0.02–0.06, Lamy et al. 2004).
As for 4015WH, we emphasize that none of the mod-
els with D > 27.1 km or D < 23.9 km (pV < 0.035
or pV > 0.045, respectively) gave good fitting (Fig 5).
Note that this value is robust against changes to other
parameters, such as the pole and Γ, even when a loose
χ2red < 2 criterion is used. The Γ value is distributed
over a wide range, 250–1,000 SI. Since the previously
published value for the effective diameter D ∼ 22 km
was obtained by assuming pR = 0.05 and G = 0.0 (Hicks
& Bauer 2007), our result is the first robust result for
this target based on the high-quality AKARI IRC spec-
troscopic data.
The pole orientation of HR30, which was not known
a priori, could also be confined to a certain range:
−20◦ . βs . 60◦, i.e., near the ecliptic plane of the poles
(Fig 5). Furthermore, we can probabilistically conjec-
ture that HR30 has λs ≈ 45◦ or λs ≈ 135◦, which differ
by approximately 90◦, though we cannot reject many
other possible λs values.
These derived values may be used as a priori knowl-
edge in future TPM analysis of the target, thus reducing
the volume in the parameter space and improving the
efficiency of computing model fluxes. Although system-
atic studies on the quantitative reliability of pole ori-
entation derived from a smooth spherical model have
not been performed for a large number of small bodies,
we conjecture that our pole solutions for HR30 may be
used as constraints for future research on HR30, includ-
ing studies using light curves.
Finally, recent theoretical developments enable us to
estimate the thermophysical parameters and surface
particle size of asteroids using the Γ values. The thermal
conductivity, κ, can be estimated from Eq 2. Assuming
a bulk density ρ = 1400 kg/m3 (Britt et al. 2002; aver-
age for C-type asteroids) and cs = 500 J/kg/K (Opeil
et al. 2010; carbonaceous chondrites) for 4015WH, we
obtain κ ∼ 0.01− 0.09 W/m/K and thermal skin depth
ls ∼ 3 − 7 cm (Eq 6). Using the fitting function (Eq 9
of Gundlach & Blum 2013 with parameter set DS1 from
their Table 6), we obtain the representative grain size
on 4015WH of roughly 1–3 mm.
6. CONCLUSION
In this study, we applied the simple thermophysical
model (TPM) described in Section 3 to AKARI observa-
tions to investigate the physical properties of two comet-
like targets: 107P/(4015) Wilson–Harrington (4015WH)
and P/2006 HR30 (Siding Spring; HR30). The results
can be summarized as follows.
1. 4015WH, which is a potential future sample return
mission target, was found to have effective diam-
eter 3.74–4.39 km with geometric albedo 0.040–
0.055, and thermal inertia 100–250 SI. The size
and albedo are confined to narrower values than
that of previous works (e.g., Licandro et al. 2009;
Ishiguro et al. 2011) and is consistent with its spec-
tral type (B- or CF-type). Under assumptions
suitable for C-type asteroids, the surface grain size
is estimated to be roughly 1–3 mm.
2. HR30, which is one of few known comets that
have been spectrally observed with no detectable
cometary activity, was found to have diameter
23.9–27.1 km and geometric albedo 0.035–0.045,
which is consistent with many known cometary
nuclei. The thermal inertia is estimated to be 250–
1,000 SI with pole latitude −20◦ . βs . +60◦ and
longitude most likely λs ≈ 45◦ or 135◦. The possi-
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bility of irregular shape of the target is not rejected
(Subsection 5.2).
3. Comet-like objects, although some possess slightly
smaller Γ values than asteroidal counterparts, are
not clearly distinguishable from normal asteroidal
objects on the D–Γ plane (Fig 6).
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